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Paracellular shunt ultrastructure and changes in fluid transport in
Necturus proximal tubule. To define the structure-function relationships
of the lateral intercellular space (LIS), we examined the ultrastructure
of Necturus proximal tubule following experimental variation of fluid
absorption with or without alteration of active sodium transport.
Comparisons were made between (1) control (blood-perfused) kidneys
and kidneys doubly perfused using either (2) Ringer solution with
organic substrate, (3) Ringer solution with substrate in capillaries but
steady-state solution in tubules, (4) Ringer without substrate, or (5)
Ringer with low sodium. Intratubular and peritubular capillary pres-
sures were monitored before and during standardized perfusion-fixation
for electron microscopy and complete cross-sections of sampled proxi-
mal tubules were analyzed by morphometry. All morphometric parame-
ters were the same for proximal tubules in kidneys perfused with blood
and kidneys perfused with substrate Ringer. Morphometric parameters
of cells and lateral intercellular spaces were the same for tubules with
normal volume reabsorption rate (J) and with J,, = 0 in substrate-
perfused kidneys, and for tubules in kidneys perfused without sub-
strate. However, in kidneys perfused with low sodium, cell height, cell
volume, LIS-volume, and average maximum width of LIS were signifi-
cantly decreased while tight junction length and peritubular length of
US were unchanged. The results suggest that the measured dimensions
of the lateral intercellular space in Necturus proximal tubule are
independent of the magnitude of transepithelial salt and fluid movement
per se but influenced by hydrostatic pressure gradients and active
sodium transport.
Ultrastructure du shunt paracellulaire et modifications du transport de
liquides dans le tubule proximal de Necturus. Afin de determiner Ia
relation structure-fonction de l'espace lateral intercellulaire (LIS), nous
avons examine l'ultrastructure du tubule proximal de Necturus après
variation expérimentale de l'absorption liquidienne, avec ou sans
alteration du transport actif de sodium. Les comparaisons ant été faites
entre (1) des reins contrôles (perfusés avec du sang) et des reins
doublement perfuses avec soit (2) une solution de Ringer avec des
substrats organiques, (3) une solution de Ringer avec des substrats dans
les capillaires mais une solution contrôle dans les tubules, (4) du Ringer
sans substrat, ou (5) du Ringer avec une faible concentration de Na. Les
pressions capillaires intratubulaires et peritubulaires ont été mesurées
avant et pendant une perfusion-fixation standardisée pour microscopie
électronique, et des sections croisCes completes d'échantillons de
tubules proximaux ant été analysees par morphométrie. Tous les
paramètres morphométriques étaient les mêmes pour les tubules proxi-
maux de reins perfusés avec du sang ou de reins perfusés avec du
Ringer avec substrats. Les paramètres morphometriques des cellules et
des espaces intercellulaire latéraux étaient les mémes dans les tubes
ayant un debit de reabsorption volumique (J) normal, avec i = 0 dans
les reins perfusés avec du substrat, et dans les tubules de reins perfusés
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sans substrat. Cependant, dans les reins perfusés avec un faible Na, Ia
hauteur cellulaire, le volume cellulaire, le volume des LIS, et Ia largeur
maximale moyenne des US étaient significativement diminues tandis
que La longeur desjonctions serrées, et Ia longeur péritubulaire des LIS
étaient inchangees. Ces résultats suggCrent que les dimensions mesur-
Ces de l'espace intercellulaire lateral du tubule proximal de Necturus
sont independantes de l'importance des mouvements transepitheliaux
de sel et d'eau per se mais sont influencees par les gradients de
pressions hydrostatiques et le transport actif de sodium.
In a previous quantitative ultrastructural analysis of the
paracellular shunt in the Necturus proximal tubule, the geome-
try and dimensions of the lateral intercellular space showed a
strong dependence on transepithelial hydrostatic pressure gra-
dients, with or without volume expansion [1]. Hydrostatic
pressure gradients have also been found to modify the structure
of the lateral intercellular spaces in other epithelia [2—51. Other
correlations have been found between paracellular shunt ultra-
structure and changes in water flow or active salt transport in
kidney epithelia [6—9] and various other epithelia [2, 10—14].
Since alterations in fluid transport may be accompanied by
multiple effects, including subepithelial hydrostatic pressure
changes, it is important to establish the correlation between the
functional transport parameters and the ultrastructural geome-
try of the paracellular shunt.
The present work attempts to define the ultrastructural
effects arising specifically from alterations of volume and solute
movement with or without changes in active transport. To
rigorously control hydrostatic and colloid osmotic pressure
gradients and, in addition, to enable a modulation of active
sodium transport and levels of organic substrate for cell metab-
olism, the experiments were carried out on the doubly perfused
kidney of Necturus. The transport properties of this preparation
have been well characterized in various conditions of salt and
water movement [15—20]. Thus, it was demonstrated that
proximal salt and water movement in the doubly perfused
kidney is closely similar to that of control, blood-perfused
kidneys if the perfusate contains organic substrate [19], but
reduced to about one-third if the perfusate is devoid of substrate
[19] or contains low sodium [20]. In addition, reduced sodium
concentration in the lumen, in combination with an impermeant
solute, completely arrests fluid movement [17].
We therefore compared the ultrastructure of proximal tubules
in control kidneys and tubules in different transport states in the
doubly perfused kidney. An additional aim was to determine
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Na 103.55 73.55 100.5 13.55K 2.5 2.5 2.5 2.5Ca' 18 18 18 18
Mg 1.0 1.0 1.0 1.0
TMA — — — 90
C1 94.7 64.7 98.1 94.7
HC03 10.0 10.0 10.0 10.0
H2P04 0.5 0.5 0.5 0.5
Lactate 3.6 3.6 — 3.6
Glucose 2.22 2.22 — 2.22
D-L-Alanine 0.5 0.5 — 0.5
L-Lysine H 0.2 0.2 — 0.2
D-L Glutamate 0.05 0.05 — 0.05
L-Glutamine 0.5 0.5 — 0.5
Butyrate 3.0 3.0 — 3.0
PEG — 76 g/liter — —
chlorideAbbreviations: TMA, tetramethylammonium, salt; PEG,
polyethylene glycol (average 15,000 to 50,000 daltons), Matheson,
Coleman and Bell, East Rutherford, New Jersey.
The pH of the solutions was 7.5 by equilibration with a gas of 98.5%
oxygen and 1.5% carbon dioxide. Aortic and portal perfusion solutions
contained, in addition, polyvinylpyrrolidone (PVP, average 40,000
daltons), 15 g/liter, heparin, 2,000 U (USP), and tricaine methanesulfon-
ate, 67 mglliter.
from an ultrastructural point of view the validity of the doubly
perfused Necturus kidney as an experimental model.
The results of this investigation demonstrate that the volume
of the paracellular shunt is little dependent on changes in
volume and solute transport per Se, but altered by changes in
active sodium transport.
Methods
Animals. Adult animals of either sex of Necturus maculosus
(Mogul Ed, Oshkosh, Wisconsin) were kept in aerated tanks at
6 to 10°C before use. The average weight was 123 (SD) 25 g (N
= 18). Tricaine methanesulfonate, 0.67 g/liter (Finquel, Ayerst
Laboratories, Inc., New York, New York), was used to induce
anesthesia by immersion and 67 mg/liter were included in the
perfusion solutions to maintain anesthesia in the perfused
animals. In addition the animals were pithed.
Preparation of doubly perfused kidneys. Doubly perfused
kidneys were prepared by catheterization of the upper aorta and
caudal vein, as previously described (211. In addition, the
caudal vein catheter was connected to a stopcock for rapid
perfusion of fixative solution for electron microscopy at the end
of the experiment. Perfusion rates were monitored by means of
flowmeters (no. 1-15-6, Brooks Instrument Division, Hatfield,
Pennsylvania) and kept at 1.5 ml/min in the aorta and 1.0 ml in
the caudal vein. The distribution of the perfu sate throughout the
kidney was checked intermittently by single injections of perfu-
sion fluid stained with Hercules green dye no, 1 (H. Kohn-
stamm, New York, New York). The composition of the perfu-
sion fluids is given in Table 1.
Pressure measurements. Hydrostatic pressures were mea-
sured in free-flow proximal tubules and peritubular capillaries
by the Wiederhielm technique [22], as described earlier [1]. The
hydrostatic pressure in one peritubular capillary was also
monitored immediately before and during the fixation.
Experimental groups. Proximal tubules from the following
five experimental conditions were analyzed by ultrastructural
morphometry: Group 1, control kidneys in anesthetized ani-
mals. This group is identical to group I (control, free flow
tubules) in our previous study [1]; group 2, kidneys doubly
perfused with Ringer solution containing organic substrates as
given in Table 1, column 1; group 3, in kidneys doubly perfused
with substrate Ringer, single proximal tubules were microper-
fused with a Ringer solution (steady-state sodium solution,
Table 1) containing 74 m sodium and an impermeant solute
(PEG) resulting in the cessation of net fluid movement (J = 0).
Uncured Sylgard 185 resin (Dow Corning) was microinjected
into the tubule lumen and then split by means of a second
micropipette containing the steady-state solution. Stationary
positions of the Sylgard menisci were ascertained optically to
confirm the absence of volume reabsorption; group 4, kidneys
doubly perfused with substrate-free Ringer solution (Table 1,
column 3); group 5, kidneys doubly perfused with low sodium
Ringer solution (Table 1, column 4).
Fixation and preparation for electron microscopy. The kid-
neys were fixed by perfusion of 1% osmium tetroxide in 29 mM
veronal acetate buffer, pH 7.2, with a total osmolality of 215 to
220 mOsm/kg H20. The hydrostatic pressure in the peritubular
capillary was recorded and the perfusion pressure of the
fixative adjusted if needed. Fixation was started on the average
100 (SD) 25 mm (N = 18) after the onset of kidney perfusion.
The rate of fixative flow during fixation was 2.1 (SD) 0.97
mI/mm (N 18). The details of the fixation method as well as
the subsequent dehydration in acetone, embedding in Vestopal
W, sectioning and staining have been described previously [1].
The ultrathin sections were analyzed in Jeol 100 B or 100 CX
electron microscopes at magnifications ranging from x300 to
x40,000.
Morphometric analysis. All tubules used for morphometric
analysis were obtained from the first half of the proximal tubule
and analyzed in cross-sections oriented at right angles to the
axis of the tubule. Overlapping electron micrographs were
taken from the whole tubule wall at a magnification of about
x2,000, enlarged to about x6,000 and assembled in montages.
The magnification was controlled with a grating replica. The
morphometric methods used for determining the different struc-
tural parameters of the tubules were the same as previously
described in detail [1].
Results
Qualitative ultrastructural observations. The ultrastructure
of proximal tubule cells in Necturus kidneys perfused with
substrate (Figs. 1 and 2) was closely similar to the ultrastructure
of proximal tubule cells in control, blood-perfused kidneys
prepared for electron microscopy in the same way and de-
scribed in our previous reports [1, 231. There was no evidence
of abnormal changes of cells or subcellular organelles even after
long perfusions in vitro. The only distinct structural difference
between kidneys perfused in vitro and kidneys of control
animals was a distention of the interstitial space around the
tubules of perfused kidneys.
No qualitative ultrastructural differences were observed be-
tween proximal tubule cells in kidneys perfused with substrate
(Figs. 1 and 2) or without substrate (Figs. 3 and 4). However,
proximal tubule cells in kidneys perfused with low sodium
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FIg. 1. Electron micrographs of tubule wall from free-flow tubule in Necturus kidney doubly perfused with substrate Ringer. The cells have a
cuboidal shape and the lateral intercellular spaces (arrows) follow a straight course although they vary in width. The openings of the lateral
intercellular spaces into the peritubular compartment show some variation. The US to the right appears restricted toward the basement membrane,
while the LIS to the left has an opening which only in part appears closed by cell processes. The basal intercellular spaces visible below thenucleus
were not included in the determination of the lateral intercellular space volume, because they vary considerably from cell to cell within a single
tubule and are usually not continuous with the US. The ultrastructural characteristics of the tubule wall are the same as in blood-perfused control
animals. (x5,100)
showed, in addition to quantitative differences, an increased
density of the cytoplasm (Figs. 5 and 6). The cell organelles
were unchanged in ultrastructure, but they were more densely
packed than in cells of substrate-perfused kidneys.
The width of the lateral intercellular space was restricted at
the level of the junctional complex and often but not always
immediately adjacent to the basement membrane. In between
these levels the width of the LIS appeared to vary at random
from apex to base. In all groups, except in kidneys perfused
with low sodium (group 5), the average channel width some-
times appeared increased toward the base. However, in the first
four groups there was no evidence for a systematic difference in
intercellular space shape or in the ultrastructure of the small
basal extracellular spaces. Furthermore, individual lateral inter-
cellular spaces varied among electron micrographs within a
single experimental group. This variation reflects a biological
diversity, as well as a variation in the angle between the
ultrathin section and the intercellular channel, or different
locations of the sections with respect to desmosomes and gap
junctions. For this reason evaluations of LIS dimensions from
single section profiles is less reliable than quantitative evalua-
tions on complete tubule cross-sections from several animals.
Quantitative ultrastructural observations. Table 2 shows the
results of the quantitative analysis for proximal tubules in five
different experimental conditions, characterized by changes in
composition of perfusion fluids and changes in volume reab-
sorption flux, J,. The quantitative ultrastructural parameters of
proximal tubules in kidneys perfused with substrate-containing
Ringer solutions (Table 2, column 2) showed a high degree of
similarity with corresponding parameters in tubules of control
kidneys perfused with blood (Table 2, column 1). No statistical-
ly significant differences with respect to ultrastructural parame-
ters were observed between these two conditions. Likewise,
there were no significant differences between tubules in animals
S
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Fig. 2. Parts of cells from free-flow proximal tubule in Necturus kidney doubly perfused with substrate Ringer. The cytoplasmic organelles,
including mitochondna (M) and lysosome-like bodies (L), are well preserved even after long perfusion in vitro. Cell contacts (arrows), in a
favorably oriented section often identified as desmosomes, span the lateral intercellular space (LIS). When followed in serial thin sections such
contacts are disc-shaped and constrict the US only within small spots. (x 17,500)
perfused with or without substrate (Table 2, columns 2 and 4).
The average values for lateral intercellular space (LIS) volume,
US volume density, and average maximum width of US were
increased in the absence of substrate, but these increments
were not statistically significant. The quantitative parameters
for steady-state tubules (Table 2, column 3) were similar to
adjacent control tubules, except that the luminal diameter was
significantly increased.
Proximal tubules in kidneys perfused with low sodium (Table
2, column 5) were significantly different from tubules in sub-
strate-perfused kidneys with respect to several quantitative
ultrastructural parameters. The luminal diameter was in-
creased, while the cell height as well as tubular wall and cell
volumes were decreased. The LIS geometry was considerably
altered and there were significant decreases in the volume,
volume density, and average maximum width of LIS. However,
the dimensions of the LIS in a plane parallel to the surface at
half width of LIS were not changed as illustrated by unchanged
dimensions for the tight junction length and peritubular length
of US. When tubules in kidneys perfused with low sodium
were compared with steady-state tubules (Table 2, column 5
versus column 3), the same parameters differed as in compari-
son with free flow tubules in substrate-perfused animals. In
addition, the surfaces at half width of LIS were different while
the tubule diameters did not differ.
Pressure measurements. Luminal hydrostatic pressure in
free flow proximal tubules of the perfused kidney (Table 3,
column 2) was found to be very similar to the pressure recorded
in free flow tubules of the blood-perfused kidney [16]. It is not
feasible to record luminal hydrostatic pressure in the droplets of
stationary microperfusion used to interrupt fluid movement, (J
= 0, Table 3, column 3). Whereas luminal pressure in kidneys
which were substrate-depleted (Table 3, column 4) did not differ
appreciably from control, free-flow luminal hydrostatic pres-
sure in kidneys perfused with low sodium was very elevated
(Table 3, column 5). These elevated luminal hydrostatic pres-
sures are in the same range as stop-flow pressures recorded in
blood-perfused Necturus kidneys [16, 241; they even exceed
stop-flow pressures recorded in doubly perfused kidneys [161.
In all six animals perfused with low sodium, TMA-containing
solutions, hydrostatic luminal pressure was high within 1 hr
after the start of low sodium perfusion. Incision of Bowman's
capsule in three nephrons did not release the measured high
luminal hydrostatic pressure.
Peritubular capillary hydrostatic pressures measured in all
four experimental conditions (Table 3, columns 2 to 5) were
very similar, although somewhat lower than in the blood-
perfused kidney [161. As a consequence, a sizeable positive
transepithelial hydrostatic pressure gradient was present in the
low sodium-perfused kidneys. The transepithelial pressure gra-
dient in the latter case (Table 3, column 5) of 36.8 mm H20
exceeds the value of 34 mm H20 recorded in high pressure stop-
flow tubules previously reported [1].
Discussion
Ultrastructure of proximal tubules in perfused kidneys. The
present investigation demonstrates that the ultrastructure of
free-flow proximal tubules in the doubly perfused Necturus
kidney closely resembles the ultrastructure of proximal tubule
in kidneys with normal blood supply [1, 23, 25, 26, 27]. In both
experimental models a rapid and uniform fixation of the kidneys
was secured through fixative perfusion via the renal portal
veins. Simultaneous monitoring of the peritubular hydrostatic
pressure avoided alterations of transepithelial pressure gradi-
ents in both preparations. Proximal tubules in perfused kidneys
are therefore suitable for the analysis of ultrastructural corre-
lates to experimental changes of tubular function.
Quantitative comparison of the ultrastructural characteristics
..:p •.,tcaflt.
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Fig. 3. Tubule wall from free-flow proximal tubule in Necturus kidney doubly perfused with Ringer solution without substrate. The qualitative
ultrastructure of cells and lateral intercellular spaces is similar to that in kidneys perfused with substrate. (x5,lOO)
of the proximal tubules in the perfused kidney (Table 2, column
2) with tubules in the blood-perfused kidney (Table 2, column
I), yields no statistically significant differences. This similarity
agrees well with the functional values for hydrostatic pressures
and volume reabsorption fluxes (Table 3) which are almost the
same for the two groups. The only functional difference resides
in the measured transepithelial electrical resistance [16, 191
whereas the calculated minimum electrical resistance of the
lateral intercellular space does not deviate appreciably (Table
3). Thus, it is likely that the difference in measured transepithe-
hal resistance results from a modification of the functional
properties of the tight junctions in the doubly perfused kidney,
which are not demonstrable in the present material by electron
microscopy.
Effects of changes in net fluid and salt fluxes. In tubules
microperfused with steady-state solution within substrate-per-
fused kidneys and those that are substrate-deprived, a reduc-
tion of isotonic fluid movement occurs. In both experimental
situations, net transport is modified because of enhanced sodi-
um backleak across the tight junctions. In the first-mentioned
case, the imposed transepithehial electrochemical potential gra-
dient for sodium favors an augmented backflux [18]; in the
second case of substrate depletion an increased paracellular
conductance and an increased sodium over chloride transfer-
ence number ratio is expected to lead to an increased backleak
[191.
A reduction of intraluminal sodium from 103.55 to 73.55, if
performed in the presence of permeant solutes in the lumen,
does not appreciably reduce intracellular sodium concentration
and active transport [201. Therefore, it is likely that the active
transport component with a steady-state solution in the lumen is
unaffected. With regard to the absence of substrates, it was
concluded that substrates may not act directly on fluid absorp-
tion by delivering more energy to the active transport mecha-
nism [19]. Thus, active transport may not have been reduced in
the substrate-deprived tubules.
Despite the decrease in fluid movement and presumed in-
crease in sodium backflux, the quantitative ultrastructural
characteristics of the lateral intercellular spaces did not show
statistically significant changes. Since those two groups, as well
as the substrate-perfused control group, exhibit a range of
volume reabsorption fluxes from zero to normal (Table 3,
p;t :;. -;
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Fig. 4. Parts ofcells from free-flow proximal tubule in Necturus kidney doubly perfused with Ringer solution without substrate. Mitochondria (M)
and lysosome-like bodies (L) as well as other cell organdies show the same ultrastructure as in substrate-perfused kidneys. In addition to
desmosomes the LIS is bridged by occasional cell contacts which at high magnification can be identified as gap junctions (arrow). (x 17,500)
Fig. 5. Tubule wall from free-flow tubule in kidney perfused with low sodium Ringer. The cell height is decreased and the lateral intercellular spaces
(arrows) are decreased in width as compared to the tubules in kidneys perfused with substrate Ringer. (x5,l00)
columns 2, 3, and 4), the results suggest that lateral intercellular
space geometry as defined and evaluated in this study is
independent of the magnitude of net transepithelial salt and
fluid movement. It is important to note that active transport in
these groups was essentially unaltered. However, in other
epithelia, where the width of lateral intercellular spaces is
correlated with the magnitude of net fluid and/or salt flux [2, 6—
141, active sodium transport and/or transepithelial hydrostatic
pressure gradients may have changed simultaneously. Thus,
our observations do not, as discussed below, rule out that
LE' 'k 1kJ
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Fig. 6. Parts of cells from free-flow proximal tubule in Necturus kidney doubly perfused with low sodium Ringer. The width of the LIS (arrows) is
considerably decreased. Cell organelles, in particular lysosome-like bodies (L) are closely packed and the cytoplasm appears electron dense
(compare with Figs. 2 and 4). (x 17,500)
changes in active transport per se alter the geometry of the
lateral intercellular spaces. Welling, Welling, and Hill [31] have
proposed a phenomenological model in which the cell shape and
in particular the cross-sectional area of the channels, defined as
the product of cell circumference and an assumed constant
width of the channel, correlates with the magnitude of fluid
movement across the lateral cell membranes into the lateral
intercellular spaces. Although the present study does not pro-
vide direct information on lateral cell membrane shape, the cell
circumference at the level of the tight junction (Table 2, line 8)
and at the level of the base of the cell (Table 2, line 9) did not
vary between the groups. In addition, since the width of LIS in
Necturus proximal tubule is not constant, a determination of
three-dimensional channel shape in greater detail than in the
form of the average dimensions evaluated in this study, would
require an analysis considerably more complex than the deter-
mination of cell shape alone.
The decrease in transepithelial resistance in the absence of
substrate cannot be accounted for by changes in the calculated
resistance of the lateral intercellular space (Table 3, column 4).
This observation confirms the proposal that the resistance
change resides primarily at the level of the tight junction [19].
The increase in luminal diameter observed in tubules micro-
perfused with steady-state solution is probably an effect of the
slight distension of the tubule lumen by the oil droplets located
proximally and distally to the test solution.
Effects of changes in active sodium transport. Perfusion of
Necturus kidneys with low sodium solutions reduces salt and
fluid movement as compared to perfusions with solutions
containing normal sodium and substrates [20, 32], Inhibition of
fluid movement in this experimental situation results primarily
from a decrease in active sodium transport [331. In addition, in
the present experiments replacement of sodium by TMA causes
a pronounced increase in luminal hydrostatic pressure and
transepithelial hydrostatic pressure gradient (Table 3). The
mechanism responsible for the elevated luminal hydrostatic
pressure is unknown. Whereas a reduced proximal fluid absorp-
tion in low sodium solutions may cause some rise in pressure, it
cannot be expected to lead to stop-flow pressure values. It is
possible that the increased pressure at least in part is generated
by fluid secretion at a site distal to the early proximal tubule
segment where pressure was recorded. Fluid secretion has been
observed in renal tubules of glomerular kidneys [34, 35].
The concomitant ultrastructural changes involve both tubular
and cellular dimensions as well as lateral intercellular space
geometry. When perfused on both sides with low sodium
solutions, the tubule cells show a decrease in volume associated
with distinctly reduced cell height and lateral widening of the
cell. With respect to the ultrastructure of the lateral intercellular
space, the volume and width decrease strikingly while the other
dimensions of the space remain unchanged. The observed
narrowing of the lateral intercellular space may be explained by
one or more of the following factors: (1) increased hydrostatic
pressure gradient, (2) reduced salt and solvent movement, and
(3) reduced active sodium transport. In the following section we
will discuss the distinction between these alternatives.
Effects of hydrostatic pressure change versus effects of flux
changes. The geometry of lateral intercellular spaces in Nec-
tunis proximal tubules is greatly influenced by transepithelial
hydrostatic pressure gradients [1]. In particular, the magnitude
1:
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Luminal diameter, s 54.5 4.6 58.1 7.7 74.6 4.8' 61.9 9.8 81.5 7.0'
Cell height, s 19.5 1.5 22.2 1.61 20.2 1.82 20.5 0.95 13.1 0.86
Tubular wall volume
1O3/mm tubule 5.65 0.77 5.49 0.38 6.06 0.68 5.35 0.80 3.84 0.29
Cell volume, 1O3/mm
tubule 5.43 0.75 5.21 0.35 5.84 0.68 4.96 0.64 3.79 0.28
LIS volume, 1O3/mm
tubule 0.164 0.031 0.213 0.048 0.197 0.043 0.358 0.132 0.037 0.012
US volume density
Io2p.3/3 2.78 0.41 3.80 0.74 3.36 0.73 5.93 0.88 0.96 0.27
Surface at half width of US,
1O32/mm tubule 547 54 476 31 572 55 499 68 383 52,
Tight junction length,
mm/mm tubule 19.2 1.4 16.9 0.93 19.4 2.0 18.9 2.1 17.3 1.2
Peritubular length of LIS,
mm/mm tubule 27.4 1.8 25.1 1.5 26.9 1.7 25.8 3.5 21.6 1.5
Average minimum path depth
of LIS, .t 23.2 1.02 22.9 1.6 24.7 1.2 22.5 0.89 19.9 2.6
Average maximum width of
LIS, nm 300 57 438 87 341 73 670 151 97.5 25
Number of animals 10 8 5 4 6
Number of tubules 30 12 9 8 11
Abbreviations: Significance levels are those of an unpaired two-tailed t test for comparisons: (1) between kidneys perfused with substrate (J
normal) and perfused with blood (J normal); (2) between kidneys perfused without substrate (J, reduced) and perfused with substrate (J normal);
(3) between kidneys perfused with low sodium (J reduced) and perfused with substrate (J normal); (4) between tubules in kidneys perfused with
low sodium (J, reduced) and steady-state tubules in kidneys perfused with substrate (J = 0); and (5) of a paired two-tailed t test for comparison be-
tween steady-state tubules in kidneys perfused with substrate (J = 0) and tubules in kidneys perfused with substrate (J, normal). Significance
levels are indicated by superscripts except for comparison 4 which is indicated by subscripts.
a Values are means of animals SEM.
b The information in this column is taken from Table I, reference I.
2P < 0.05.
d 2P < 0.01.
2P <0.001.
of the change in lateral intercellular space geometry induced by
an elevated pressure gradient, equivalent to that recorded in
low sodium perfusions was assessed on Necturus kidney fixed
in vivo. Therefore, it is likely that the transepithelial hydrostatic
pressure gradient observed in kidneys perfused with low sodi-
um contributes sizeably to the narrowing of the interspace.
Although the luminal diameter is nearly identical in both
studies, hydrostatic pressure per se reduces the lateral intercel-
lular space volume density 1.8 times in the published study,
whereas low sodium perfusion decreases lateral intercellular
space density 4.0 times in the present study. Moreover, the
distinct fall in cell volume noted in the presence of low sodium
solutions in this study was not observed as a consequence of
hydrostatic pressure increase alone [1]. Thus, the decrease of
transport in itself has clear-cut effects on tubule ultrastructure.
Effects of active sodium transport changes versus effect of
net flux changes. Three of the experimental situations in the
present study are characterized by a reduction in net flux (Table
3, columns 3, 4, and 5). Active transport is depressed in low
sodium perfusions but near normal in the presence of steady-
state solutions. Despite the fact that volume reabsorption is
abolished in steady-state microperfusions, lateral intercellular
space volume density does not differ from control perfusions.
Therefore, the narrowing of lateral intercellular space in low
sodium perfusions, where some volume reabsorption flux is still
maintained, is unlikely to be the consequence of reduced net
flux. We conclude that in this condition the narrow lateral
intercellular space results, at least in part, from the inhibition of
active sodium transport per Se.
General conclusions
The volume and shape of the lateral intercellular space, if
involved in solute-solvent coupling, should be determined by
the dynamic steady state of influx and efilux of solute as well as
solvent into and from that compartment. Since the lateral
intercellular space is bordered by different barriers, prediction
of the volume or composition of the space would require
knowledge of all driving forces and membrane properties for
each barrier. Experimental situations may affect simultaneously
multiple determinants of interspace geometry. In the present
work and a previous study [1], we have assessed the specific
role of some driving forces and flux parameters on lateral
intercellular space morphology. It appears that the predominant
factors controlling size of the interspace are the magnitude of
hydrostatic pressure gradients and active sodium transport. Our
results do not exclude that other factors also influence inter-
space geometry but suggest that they have a smaller amplitude
or time constant and therefore are less easily resolved.
It should also be emphasized that the present analysis has
focused on the averaged geometric dimensions of the lateral
intercellular space. We do not exclude the possibility that more
detailed morphometric measurements or three-dimensional
618 Maunsbach and Boulpaep
















mm H20 24.9 1.2 (68) 23.3 0.6 (13) — 18.6 0.7 (8) 53.3 0.6 (21)
Peritubular capillary hydrostatic
pressure, mm 1120 22.5 0.8 (l03)' 19.1 0.2 (26) 18.3 0.4 (14) 15.5 1.0 (12) 16.4 0.3 (21)
Transepithelial hydrostatic pres-
sure gradient, mm H20 +2.4a +4.2 — +3.1 +36.8
Colloid osmotic pressure gradient,
mm H20 93a +90 Negativec +90 +90
Volume reabsorption flux (iv),
io- liter cm2 sec 0.75 0.07 (28)' 0.73 0.065 (30)" 0.001 0.001 (6) 0.27 0.033 (27)" 0.26
LIS volume density, 1O2p.3/3 2.78 0.41 (10)" 3.80 0.73 (8) 3.36 0.73 (5) 5.93 0.88 (4) 0.96 0.27 (6)
Calculated minimum electrical LIS
resistance, IO ohm/mm tubule 3.32 2.49g 3.l3 l.50g 9.84g
Transepithelial electrical resist-
ance, io ohm/mm tubule 15.5 1.9 (14)" 82.3 4.1 (15)" — 26.9 3.6 (19)"
"The values are taken from Ill.
b The numbers in parentheses throughout the table refer to observations.
The net colloid osmotic gradient resulting from both PVP and PEG was negative enough to cancel volume reabsorption.
d The values are taken from [19].
The values are taken from [17].
The values are estimated from volume reabsorption values given by reference [201, interpolated for a luminal sodium concentration of 13.55 m
and normalized to the control value of 0.73 l0— liter cm2 sec'.
Values were calculated as resistance per millimeter of tubule rLIs = w[L(T)+L(P)] where p is the volume resistivity of Necturus Ringer
solution, which is 1,000 ti mm [28], L(T) and L(P) are as defined in Methods, and d is the average minimum path depth corresponding to the
maximum US width w.
The value is calculated from [29].
This resistance was not measured in Necturus. In Ambystoma transepithelial electrical resistance increased by 54% [30].
studies of individual channels, for example, using serial thin
sections, may provide information about subtle differences in
the shape of LIS. However, should some additional features
vary among the experimental groups, this would not invalidate
the above conclusions regarding the influence of hydrostatic
pressure and active sodium transport on the dimensions of the
intercellular channel.
Finally, it should be stressed that the shape of the LIS differs
distinctly in the amphibian and the mammalian proximal tubule.
In the amphibian tubule the length of LIS corresponding to the
circumference of the cell, increases little from apex to base
(compare tight junction length and peritubular length of LIS in
Table 2). In the mammalian proximal tubule there is a consider-
able increase in length of LIS from apex to base, due to the
increasing surface amplification of basolateral cell membrane
toward the base of the cell [27, 36]. In addition, the LIS in the
mammalian proximal tubule has a narrow width, assumed to be
constant [31], while the width of the LIS in the Necturus
proximal tubule is wide and varies during different functional
conditions as shown in this and previous investigations [1, 23].
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